Middle cerebral artery occlusion was per formed in rats while the animals were inside the nuclear magnetic resonance (NMR) tomograph, Successful occlu sion was confirmed by the collapse of amplitude on an electrocorticogram, The ultrafast NMR imaging tech nique UFLARE was used to measure the apparent diffu sion coefficient (ADC) immediately after the induction of cerebral ischemia, ADC values of normal cortex and cau date-putamen were 726 ± 22 x 10-6 mm2/s and 659 ± 17 x 10-6 mm 2 /s, respectively, Within minutes of occlu sion, a large territory with reduced ADC became visible in the ipsilateral hemisphere, Over the 2 h observation period, this area grew continuously, Quantitative analysis of the ADC reduction in this region showed a gradual ADC decrease from the periphery to the core, the lowest ADC value amounting to about 60% of controL Two hours after the onset of occlusion, the regional distribu tion of ATP and tissue pH were determined with biolu minescence and fluorescence techniques, respectively. There was a depletion of A TP in the core of the ischemic Diffusion-weighted nuclear magnetic resonance (NMR) imaging (DWI) has been shown to be sensi tive to cerebral ischemia during the early, acute
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Summary: Middle cerebral artery occlusion was per formed in rats while the animals were inside the nuclear magnetic resonance (NMR) tomograph, Successful occlu sion was confirmed by the collapse of amplitude on an electrocorticogram, The ultrafast NMR imaging tech nique UFLARE was used to measure the apparent diffu sion coefficient (ADC) immediately after the induction of cerebral ischemia, ADC values of normal cortex and cau date-putamen were 726 ± 22 x 10-6 mm2/s and 659 ± 17 x 10-6 mm 2 /s, respectively, Within minutes of occlu sion, a large territory with reduced ADC became visible in the ipsilateral hemisphere, Over the 2 h observation period, this area grew continuously, Quantitative analysis of the ADC reduction in this region showed a gradual ADC decrease from the periphery to the core, the lowest ADC value amounting to about 60% of controL Two hours after the onset of occlusion, the regional distribu tion of ATP and tissue pH were determined with biolu minescence and fluorescence techniques, respectively. There was a depletion of A TP in the core of the ischemic Diffusion-weighted nuclear magnetic resonance (NMR) imaging (DWI) has been shown to be sensi tive to cerebral ischemia during the early, acute territory (32 ± 20% of the hemisphere) and an area of tissue acidosis (57 ± 19% of the hemisphere) spreading beyond that of ATP depletIon. Regional CBF (rCBF) was measured autoradiographically with the iodo[14C)anti pyrine method. CBF gradually decreased from the pe riphery to the ischemic core. where it declined to values as low as.5 ml 100 g-I min-I. When reductions in CBF and in ADC were matched to the corresponding areas of energy breakdown and of tissue acidosis. the region of energy depletion corresponded to a threshold in rCBF of 18 ± 14 ml 100 g -I min -I and to an ADC reduction to 77 ± 3% of controL Tissue acidosis corresponded to a flow value below 31 ± 11 ml 100 g-I min -I and to an ADC value below 90 ± 4% of controL Thus. the quantification of ADC in the ischemic territory allows the distinction between a core region with total breakdown of energy metabolism and a corona with normal energy balance but severe tissue acidosis. Key Words: ADC-Diffusion NMR imaging-Focal cerebral ischemia-Rat-MCA oc clusion-Ischemic core-Penumbra.
phase after occlusion of a major vessel (Moseley et aI., 1990a; Mintorovitch et aI., 1991) . The relation ships between diffusion changes and metabolic (Moseley et a\., 1990b; Kucharczyk et aI., 1991) and hemodynamic (Busza et aI., 1992) disturbances have been investigated. Energy metabolism was studied with surface coil 31p spectroscopy and CBP was studied with the hydrogen clearance method. But use of these techniques, which do not permit regional analysis of the ischemic event, neglects all regional heterogeneity. Investigations of metabolic alterations underlying the diffusion changes using invasive biochemical techniques like the determina tion of the N a + /K + ATPase (Mintorovitch et aI., 1994) were also limited to evaluation of a few re gions of interest. In a first attempt to correlate nu clear MR (NMR) diffusion changes with the spatial extent of breakdown of energy metabolism, precise agreement between the area of A TP depletion and that of decreased water diffusion was observed at 7 h after occlusion of the middle cerebral artery (M CA) in rats (Back et al., 1994a) . In a further study by Kohno et al. (l995b) , it was noted that up to 2 h after MCA occlusion the region of hyperin tensity in DWI images was distinctly larger than that of A TP depletion but was in good agreement with the region of tissue acidosis. The areas of hy perintensity in DWI images corresponded to areas where CBF was reduced below a threshold value of 41 ml 100 g -1 min -1 .
All these studies have, however, been restricted to DWl. Quantitative diffusion NMR imaging would allow a finer discrimination of tissues based on their respective apparent diffusion coefficient (ADC) values. Thus, the distinction needs to be made, based on differences in ADC values, be tween regions with normal energy metabolism but tissue acidosis and regions with ATP depletion. Such a distinction would be of high clinical signifi cance because it would open up new methods for differentiating between the infarct core (dead tis sue) and an oligemic (impaired by reduced blood flow), but metabolically still active, tissue. This would, in turn, allow the assessment of ' new drugs or therapeutic strategies like thrombolysis, because therapeutic interventions will evoke responses only in still viable tissue.
In the present investigation we have studied the quantitative diffusion changes during the first two hours after MCA occlusion in the rat. The regional change in ADC values during the evolution of the lesion was followed, and the corresponding area was analyzed. The metabolic state of the tissue was determined at the end of the 2 h period by substrate dependent bioluminescence imaging. Distribution of CBF was measured autoradiographically with the iodo[14C]antipyrine method (Sakurada et al., 1978) . This is the first report on a regionally specific rela tionship between quantitative diffusion coefficient changes after MCA occlusion and metabolic and hemodynamic disturbances.
MATERIALS AND METHODS

Animal model
Male Wi star rats (346-4 10 g body weight; n = 6) were used. No animals were excluded from the study. The an imals were anesthetized with 0.8 to 1% halothane in a 7:3 N 2 0:0 2 mixture, tracheotomized, and mechanically ven tilated for the duration of the experiment. Blood samples were obtained via an arterial catheter, and pancuronium bromide (0.5 mg/kg/h) for muscle relaxation was admin istered through a venous catheter. Body temperature was recorded with a rectal thermometer and maintained at 3rC with a feedback-controlled warm water blanket. The animals were placed in a stereotaxic headholder for ac curate positioning in the magnet. Two graphite electrodes were fixed epidurally for recording of electrocorticogram (ECoG) and direct current (DC) potential throughout the NMR experiment.
Focal ischemia was produced by intraluminal thread occlusion of the MCA. as described in detail elsewhere (Kohno et a!.. 1995a) . The internal carotid artery (lCA) was isolated up to the carotid canal at the base of the skull. and the branching pterygopalatine artery was li gated and transected. The common carotid artery (CCA) was ligated with tandem 6-0 silk sutures. A guide sheath was attached to the ventral side of the animal by ligations; the tip of it was fixed with 5-0 nylon to the digastric mus cle. A microvascular clip was temporarily placed at the extracranial ICA, the exposed trunk of the external ca rotid artery (ECA) was coagulated and cut at the distal end. The coated 3-0 nylon thread occluder, connected to a wire for the guidance of a catheter. was passed through the fixed guide sheath and inserted into the ICA through the immobilized proximal end of the ECA. After removal of the vascular clip, the ECA and CCA were fixed to the guide sheath by additional ligations, leading to a stretched position of the ICA towards the guide sheath. The diam eter of the coated suture tip (0.28 mm) was chosen to achieve complete occlusion of the MCA exit of the ICA (Kohno et a!.. 1995a) . This arrangement permitted the manipulation of the thread position from outside the mag net to allow control measurements without the need to reposition the animal. as is necessary if occlusion takes place outside the magnet. The success of the occlusion was confirmed by a sudden decrease in the ECoG ampli tude.
NMR experiments
The NMR experiments were performed on a 200 MHz BIOSPEC system (Bruker. Karlsruhe. F.R.G.) with a 30 cm horizontal magnet. The system was equipped with an actively shielded gradient coil system (maximum gradi ent: 100 mT/m: rise time < 250 fLS). Excitation and signal detection was achieved with an Alderman-Grant resona tor. Imaging was performed with the UFLARE sequence (Norris, 1991 : Norris et a!., 1992 , with a TE of 3.4 ms resulting in an imaging duration of 218 ms, not including dummy cycles. ADC was measured with a pulsed gradi ent spin-echo. applied as a preparation experiment to the UFLARE sequence (Norris et aI., 1992; Hoehn-Berlage et aI., 1994) . Sixteen images with b-factors increasing from 10 to 1.510 s/mm 2 were obtained. Diffusion encoding gradients were irradiated along all three axes simultaneously, to achieve the necessary gradient strength. The time between the rising edges of the two diffusion-encoding gradients, 11, was 15.5 ms and 0, the duration of these gradients was 12.3 ms. With a TR of 2 s, the experimental duration was 0.6 min for one complete ADC scan of 16 images. For improved SIN, four averages were recorded. resulting in 2.4 min effective experimen tal time. Slice thickness was 2.5 mm(FWHM), field of view was 4.5 cm. matrix size was 64 * 128. A single slice in the coronal plane approximately 5 mm posterior to the rhinal fissure was measured. Three ADC experiments were performed during control. During ischemia, seven sets of ADC data were collected at 6, 18, 28, 39, 61, 83, and 105 min after occlusion of the MCA.
ADC calculation
From the magnitude-calculated images the mean value (m) and the standard deviation (a) of the background noise were determined in each image. The image-specific noise level (NL) NL = m + 3 a was used as a signal intensity threshold: only those pixel signals above this noise level (Eis, 1993; Eis and Hoehn Beriage, 1995) were entered into the ADC calculation. For the calculation of ADC the monoexponential intravoxel incoherent motion model (LeBihan et aI., 1988) was used:
Calculation of the quantitative ADC images was achieved on a V AX 3200 workstation (Digital Equipment Corporation, Maynard, MA, U.S.A.), requiring approxi mately 8 s.
ADC image postprocessing
Image postprocessing and ADC determination from re gions-of-interest (ROIs) in the parameter images was done with the image processing program IMAGE (NIH, Bethesda, MD, U.S.A.).
ADCs of the contralateral cortex and caudate-putamen were determined from each parameter image during the observation period of the experiment, and the means and SDs were calculated. For this purpose, the control value of the contralateral hemisphere was determined in each ADC experiment in ROIs, measuring 4 * 4 pixels, placed in the caudate-putamen and cortex. This intraindividual reproducibility, expressed by the variation coefficient, was found to be maximally 4.9% (average: 3.1% for cor tex; 2.6% for caudate-putamen). Calculation of interindi vidual fluctuation of average individual ADC values at control resulted in a variation coefficient of 3.2%.
The ADC lesion area was defined as the area in which ADC decreased below a threshold value of control -2 * SD. This corresponds to a decrease of ADC from control by 10% (i.e., twice the intraindividual fluctuation of 4.9%). For this purpose, the control value of the contra lateral hemisphere was determined in each individual ADC experiment in ROIs, measuring 10 * 10 pixels, placed in the caudate-putamen. The spatial extent of the altered diffusion value was calculated for various amounts of ADC decrease. For this purpose, thresholds were chosen in 5% decrements starting at 90% of control, down to 50% at which point no pixels could be observed.
Autoradiography
Regional CBF (rCBF) was measured by quantitative autoradiography, using intravenous ramp infusion of iodo[14C]antipyrine (40 fLCi in 1 ml saline; Amersham, Braunschweig, F.R.n.). During the 60 s of tracer infu sion, arterial blood samples were collected on preweighed filter paper. At the end of the tracer infusion, the rats were frozen in situ in liquid nitrogen.
Brains were removed from the skull in a cold box at -20°C and sliced at the same temperature into 20 fLm sections, with a cryostat microtome. Cryostat sections were dried on a hot plate and exposed, together with J Cereb Blood Flow Metab. Vol. 15, No.6, 1995 calibrated 14C standards, for 8 days to x-ray film (Hyper film, Kodak). 14C autoradiograms and standards were digitized with a charge-coupled device (CCD) camera at tached to an image processing system. 14C radioactivity of blood samples was measured in a liquid scintillation counter (Wallac 14 10; Pharmacia, Freiburg, F.R.G.) and rCBF was calculated according to the algorithm of Sakurada et al. (1978) . The difference between slice thickness of images from autoradiography (20 fLm) and of those from NMR imaging (2.5 mm) resulted in different partial volume effects. To cope with this problem, eight to ten autoradiograms cov ering the volume of the NMR section were averaged. For this purpose, the individual autoradiographic sections were aligned interactively on the computer with the help of morphological landmarks. Then, a new blbod flow im age was calculated by pixel wise averaging of the CBF values through the stack of images.
Regional evaluation of tissue pH and brain metabolites
Coronal sections adjacent to those used for autoradi ography were processed for regional tissue pH by the umbelliferone fluorescence technique of Csiba et al. (1983) , and for the regional distribution of ATP by sub strate-specific bioluminescence imaging (Paschen et aI., 1981; Paschen, 1985) . The pH images were calibrated with graded pH standards. Local metabolite content was quantified by correlation of the optical densities of biolu minescence images with metabolite values measured in small tissue samples by conventional enzymatic analysis.
Only single sections of these biochemical parameters were obtained over the volume of the NMR section. As no averaging was possible, the individual biolumines cence sections were used for regional comparison with the ADC images. Tissue acidosis was defined as a pH value below 6.4. In the ATP images, impaired metabolism was defined as a decrease of 30% below the value of the contralateral hemisphere. These thresholds corresponded to 2 SDs below the mean pixel values of the opposite, nonischemic hemisphere.
Regional comparison of ADC with metabolic and hemodynamic parameters
The slight differences in the spatial orientation of the NMR images and the cryostat sections precluded a pix elwise analysis of ADC and flow thresholds, as previ ously used for the evaluation of mUltiple tracer aut ora diograms (Mies et aI., 199 1) . Therefore, the ADC and flow thresholds were estimated by insertion of the areas of abnormal biochemical parameters into the ADC/area or flow/area relationships, as discussed below.
All values listed in the present investigation were ex pressed as means ± SD, unless stated otherwise.
RESULTS
Physiological variables
Table 1 up to 2 h summarizes the physiological parameters measured prior to and during the two hours of MeA occlusion. During the length of the observation period, all variables were in the normal range and did not change significantly. 
Electrophysiological observations during
MeA occlusion
Typical recordings of ECoG and DC potential are shown in Fig. 1 . Immediately after occlusion, ECoG displayed slow wave activity accompanied by a reduction of mean amplitude. DC recording revealed transient potential shifts. The latency of the first DC deflection was 6.2 ± 3.1 min with a mean duration of 2.3 ± 1.7 min; 1.2 ± 0.8 additional DC shifts followed during the 2 h occlusion period.
NMR diffusion measurements
Control ADC values. No changes in ADC values (always in units of 10-6 mm 2 /s) on the contralateral side were observed between the control period and the 2 h MCA occlusion period. Therefore, these data were pooled. The ADC of caudate-putamen of the contralateral side was 659 ± 17. Lateral and parietal cortex had ADC values of 726 ± 22 and 722 ± 23, respectively.
ADC after MCA occlusion. Within the'first 6 min after MCA occlusion, ADC began to decline in the central parts of the MCA territory, and it continued to decrease throughout the observation period of 2 h, as shown in Fig. 2 . Within the MCA territory the severity of changes progressed from the periphery to the center. Thus, by the end of 2 h, the ADC in the center of the ischemic lesion was �60% of con trol and that in the periphery, 80--90% of control. Area of reduced ADC and time dependence. As stated in the Materials and Methods section, the lesion of ADC images was defined as the region in which ADC decreased by more than 10% below control level. This area amounted to � 31 ± 24% of the ipsilateral hemisphere at 6 min postocclusion, and to 51 ± 21 % (means ± SD) at 2 h postocclusion (Fig. 3) . The high SD of the observed lesion size reflects the interindividual variability of the extent of ischemic territory.
Due to the gradual decline of ADC from the pe riphery to the center of the infarct, and because of the progression of the changes with time, the area of reduced ADC showed an inverse linear correlation with the threshold of ADC change ( Fig. 4 top row, and Fig. 6 left) and-at a given threshold-the area of reduced ADC increased with ischemia time (Fig.  3) . By combining the two variables it became clear that both the extent and the severity of the ADC changes increased with ischemia time. Interest ingly, the ADC changes leveled off at about 60% of control ( Fig. 6 left) . This value corresponds to the postmortem ADC reduction measured in previous experiments (Hoehn-Beriage et aI., 1994) . Partial volume effect. In order to interpret the observed gradual change in ADC from normal tis sue to the core of the lesion, the contribution of partial volume effects must be considered. Deter mination of the extent of a rim region, where partial volume effects may be of importance, was based on the slice thickness (2.5 mm), on the lesion diameter in the image plane, and on the simplifying assump tion of a spherical lesion volume. These calcula tions show that partial volume effects are limited to the outermost 2 pixels of the lesion. If, alterna tively, the sagittal distribution of the lesion size is adopted from the data given by Park et al. (1988) for a rat focal ischemia model, the lesion size within 1. 5 mm from the lesion center is � 88% of that at the lesion center. This translates into a radius reduction of 7%, which, in turn, corresponds to 1 pixel at the lesion edge in the ADC images. This is not signifi cantly different from the simple assumption of a spherical lesion. In our ADC images we observed a gradual change from the lesion edge all the way to its core, spanning a distance of at least 15 pixels. Therefore, the gradual ADC reduction in the isch emic territory cannot be explained by partial vol ume effects.
Regional cerebral blood flow Fig. 4 shows the regional distribution of CBF across a coronal section through the center of the focal ischemic lesion. Within the ipsilateral hemi sphere a clear reduction in rCBF was noted. There was, in all cases, a gradual reduction in rCBF, reaching values as low as 5 ml 100 g -1 min -1 in the central area of the affected caudate-putamen. This gradual reduction is demonstrated in Fig. 4 (bot  tom) , showing the size of the lesion area as a func tion of increasing CBF thresholds. Calculating the areas for different rCBF thresholds resulted in the curve presented in Fig. 6 (right) . The area, ex pressed in percent of the ipsilateral hemisphere, showed a linear increase with rCBF values up to � 35 ml 100 g --I min -I, at which point it started to level off. Thus, the periphery of the focal ischemic lesion showed only a moderate reduction in CBF.
Regional brain tissue pH and metabolism
After 2 h of vascular occlusion, fluorescence im ages of umbelliferone, representing tissue pH, re vealed large areas (57 ± 19% of the hemisphere) lesion area) of severe acidosis sharply demarcated against the normal brain (Fig. 5, right) . At the same time, images of ATP distribution showed regions of ATP depletion (32 ± 20% of the hemisphere), also sharply demarcated against normal tissue (Fig. 5,  center) , that were clearly smaller than the regions with tissue acidosis.
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Regional comparison between ADC, ATP, pH, and rCBF
The ATP depletion and tissue acidosis mark two important events of metabolic alterations: tissue ac idosis is caused by elevated lactate levels, which reflect the switch to anaerobic glycolysis, and loss of A TP represents the breakdown of energy metab olism. The thresholds, of ADC and CBF reduction, for these two events were determined. For this pur pose, the areas of ATP depletion and of tissue aci dosis were inserted into Fig. 6 (representing the ADC/area and CBF/area relationships). The ADC and CBF values corresponding to the same areas were then determined. The thresholds for break down of energy metabolism were a rCBF reduction to 18 ± 14 ml 100 g-1 min -I and an ADC reduction to 77 ± 3% of control. The corresponding thresh olds for the larger regions of tissue acidosis were distinctly higher: 31 ± 11 ml 100 g -1 min -1 for CBF, and 90 ± 4% of control for ADC. This situa tion is presented in Fig. 5 , with outlines of the ADC thresholds in the ADC image (left) for areas corre sponding to those of ATP depletion (center) and tissue acidosis (right).
DISCUSSION
The diffusion version of the UFLARE technique (Norris et aI., 1992) allows the quantitative deter mination of the ADC with high intra-and interindi vidual reproducibility (>97%). Due to the availabil ity of sixteen images with increasing b-factor (i.e., diffusion sensitization), a very stable fitting condi tion for the ADC was reached. Quantitative record ing of ADC changes in the brain was achieved di rectly following occlusion of the MCA performed by a new remote, ECoG-controlled technique (Kohno et aI., 1995a) . The ultrafast imaging method, UFLARE, allowed the detection of early ADC changes with 2.4 min temporal resolution without compromising the spatial resolution. Fi nally, with 0.6 min for one complete scan of 16 DWls, UFLARE is only marginally slower than EPI, but can be more easily implemented.
The UFLARE experiment provides a high SIN. This, together with minimization of T 2 -dependent signal loss due to the availability of rapidly switch able magnetic field gradients, allowed the determi nation of ADC with high accuracy and reproduci bility. Thus, minor reductions in ADC such as the 10% in the border zone region of the ischemic ter ritory were observed with a reliability that would not be possible using DWls from spin-echo experi ments. 
Biophysical aspects
The control ADC values for cortex and caudate putamen in the present investigation (726 ± 22 x 10-6 mm 2 /s and 659 ± 17 x 10-6 mm 2 /s, respec tively) are in full agreement with our earlier ADC determinations with UFLARE (Hoehn-Berlage et a!., 1994) in normal Wistar rats (771 ± 23 x 10 -6 mm 2 /s and 601 ± 25 x 10-6 mm2!s for cortex and caudate-putamen, respectively), and they confirm that there is a clear difference between caudate putamen and cortex. As recently shown by Nien- (1994) , the ADC is a function of diffusion time T at very short diffu sion periods. Strictly speaking, an interstudy com parison of ADC values is, therefore, meaningful only for comparable diffusion times T. However, although the diffusion time T of the present applica tion of the UFLARE technique (11.4 ms) is much shorter than diffusion times given in most other re ports for the commonly used spin-echo imaging ver sions (typically 80 ms or more), the data reported here are also in good agreement with the ADC val ues of rat brain reported in the literature (Ben veniste et a!., 1992; Mintorovitch et a!., 1991; Jiang et a!. . 1993; Back et a!., 1994a; Norris et aI., 1994) .
In order to achieve the necessary gradient strengths within the minimum diffusion time, the diffusion sensitizing gradients were irradiated simultaneously in all three directions. Thus, no measurement of diffusion anisotropy was possible.
It is interesting to note that under the present conditions ADC values in the center of the infarct leveled off at �60% of control values. This ADC level is in good agreement with the ADC measured 20 min after induction of cardiac arrest (Davis et aI. , 1994; Hoehn-Berlage et aI. , 1994) . It thus appears that it characterizes a pathophysiological situation in which the energy-producing metabolism is sup pressed, and all energy-dependent processes influ encing the diffusion properties of water come to a halt. An investigation into the underlying biophys ical changes may contribute to a better understand ing and interpretation of the DWIs, in terms of the related pathological changes.
Pathophysiological interpretation of gradual
ADC changes
The contribution of partial volume effects has to be considered in a discussion of the appearance of gradual ADC changes at the periphery of the lesion. Calculations based on the slice thickness used, on the lesion extension in the image plane, and on the simplifying assumption of a spherical lesion volume show that partial volume effects are restricted, in our image resolution, to the outermost 2 pixels of the lesion. But we have observed a gradual change over at least 15 pixels from the lesion edge to the core (see Figs. 2 and 4 ). This suggests that patho physiological changes are the reasons for the grad ual ADC reduction in the ischemic territory.
J Cereb Blood Flow Metab. Vol. 15. No.6. 1995 In a study by Symon and coworkers (1979) on ischemic brain edema following 2 h of MCA occlu sion in baboons, a direct relationship of water con tent with degree of ischemia and an inverse rela tionship of water content with CBF were described. Matsuoka and Hossmann (1982b) further observed a direct relationship of water content with osmolal ity within the first 2 h after MCA occlusion in cats. The latter authors also noted an inverse relationship between osmolality and extracellular space (ECS). Thus, taking the results of Symon et al. and of Mat suoka and Hossmann together, it may be concluded that ECS is smallest in the ischemic core where remaining blood flow is lowest (Kohno et aI. , 1995h) . The assumption of a gradual decrease of ECS from the ischemic periphery to its core could also explain the gradual decline in ADC, which is considered the weighted average of the diffusion coefficients of the ECS and the intracellular space (Benveniste et aI. , 1992) . This interpretation would be in line with other authors who considered the ECS the main determinant for the effective ADC (Norris et aI. , 1993; Hossmann et aI. , 1994) .
This volume of ECS, measured by electrical im pedance methods, begins to decline before blood flow decreases to the threshold of anoxic depolar ization (Matsuoka and Hossmann, 1982a) . The in creased osmolality (cf. above) results in part from lactate accumulation in regions where anaerobic glycolysis is stimulated (Hossmann et aI., 1985) . This, in turn, will lead to lactacidosis, and therefore explains the matching total areas of ADC change and tissue acidosis observed in the present investi gation. It is in line with earlier reports that the glu cose utilization rate rises when CBF is reduced to approximately 35 ml 100 g-I min -I, but it drops again sharply when CBF reaches about 20 ml 100 g -I min -I, the CBF value at which ATP begins to fall (Paschen et aI., 1992) .
It has been shown in the present investigation (see Fig. 4 ) that CBF declines gradualIy from the ischemic periphery to the ischemic core region. The range of CBF values that correspond to the com mencement of functional and metabolic distur bances at one extreme, and the breakdown of en ergy balance and anoxic depolarization at the other, is defined as the penumbra in the current discussion on ischemic thresholds (Astrup et aI., 1981; Kohno et aI., 1995b) . The lower CBF threshold at which energy is depleted was found to be approximately 20 ml 100 g -1 min -1 (Mies et aI., 1991) . In a gerbil global ischemia model, Busza et al. (1992) measured CBF with the hydrogen clearance method and ob served no changes in DWI for CBF values ?30 ml 100 g-I min -I. When CBF dropped below 15-20 ml 100 g-I min -I, hyperintensity increased sharply in both cortex and thalamus. Two hours after MCA occlusion in the rat, Kohno et al. (1995b) found a CBF threshold of 19.1 ml 100 g -1 min -1 in ischemic regions with A TP depletion and hyperintensity in DWI. These results agree well with our present findings at 2 h postocclusion:, we observed ATP de pletion at a rCBF threshold of 18 ± 14 ml 100 g-I min -1 and an ADC threshold, at the corresponding area, of 77 ± 3% of control.
Before the CBF threshold for breakdown of en ergy metabolism is reached, a reduced oxygen availability wilI shift the tissue to anaerobic glycol ysis. This, in turn, wilI contribute to a pH drop due to lactacidosis. An increase in lactic acid in isch emic regions is welI known, and its regional distri bution in the rat brain after several hours of focal cerebral ischemia has recently been described (Back et aI., 1994a; Kohno et a\., 1995b) . This tis sue acidosis corresponded to a rCBF threshold of 31 ± 11 ml 100 g-I min-I in our study, clearly above the threshold for breakdown of energy me tabolism. In the region of tissue acidosis a corre sponding ADC reduction to 90 ± 4% of control was found.
First attempts to determine areas with differing amount of perfusion deficit by DWI have been re cently reported. FinelIi et al. (1992) described spa tial agreement between hyperintensity on DWI and perfusion deficit on autoradiograms obtained with iodoe 4C]antipyrine, but they did not quantify the range of reduced CBF values. Comparing NMR perfusion images with DWI in a rat MCA occlusion model, Quast et al. (1993) concluded that only the core area of perfusion deficit was consistent with signal intensity changes in diffusion-weighted im ages. But, again, no quantitative definition of the core area was made. In a model of partial stenosis of MCA in cat brain, Roberts et al. (1993) found a linear correlation between relative perfusion reduc tion and ADC change. These authors interpreted their findings as evidence that hypoperfusion is di rectly related to the mechanisms leading to ADC reduction in ischemic tissue.
In the present investigation, we obtained two threshold values, of rCBF and ADC, which allow us to distinguish between two distinct regions in the ischemic territory. One is a core area in which en ergy is fulIy depleted and cells will eventually be come necrotic. This area is represented by a de crease of ADC to 77% of control or lower. This core is surrounded by an oligemic corona where rCBF is still sufficient to maintain energy metabolism, at the cost of severe tissue acidosis. This region, repre sented by ADC values between 77 and 90% of con trol, represents the still viable tissue of the penum bra. It must, however, be emphasized that these relationships between ADC reduction and meta bolic alterations, obtained with a particular animal model under fixed conditions, may apply only to the time point of 2 h after MCA occlusion studied here. Further experiments are needed to confirm that the above relationships will also hold at other occlusion times. Further, it must be stressed that the rather large variations in sizes for ATP depletion and tis sue acidosis only mark an interindividual variability in ischemic territory but do not express a reliability factor of size determination. The determination of the corresponding ADC thresholds is obviously not influenced by this variation, as reflected by the very small SDs for the two ADC thresholds.
Growth characteristics
We have shown that after MCA occlusion an ischemic territory is observed within 6 min, fol lowed by a continuous growth phase. This is in agreement with earlier data by Minematsu et al. who had calculated the hyperintense area in DWIs at two time points after MCA occlusion (Minematsu et a\., 1992a,b) . The latter authors were not able to discriminate between core and corona regions in their DWIs. Comparison of ATP images and tissue pH images (obtained with the invasive biolumines cence and fluorescence techniques, respectively) with DWI at various times after MCA occlusion permitted Kohno et al. (1995b) to conclude that the core region with breakdown of energy metabolism will grow, eventually reaching the region of hyper intensity in DWI. Therefore, if the ADC thresholds obtained from the present study at 2 h after MCA occlusion are valid at earlier times too, one could speculate on the growth behavior of the ischemic core and its corona, here represented by the regions with ADC � 77% and 77% < ADC � 90%, respec tively. From Fig. 3 , it follows that the contribution of the penumbra to the total lesion area decreases with time. The gradual conversion of the penumbra into part of the core area may in part be due to the spontaneous generation of transient periinfarct cell depolarizations (Mies et aI., 1993; Back et aI., 1994b) , similar to spreading depressions. These negative DC potential deflections are accompanied by episodes of relative tissue hypoxia (Back et aI., 1994b) , which, in turn, may contribute to the infarct growth over time. We have in fact observed tran sient increases of the lesion area in ADC images in 4 animals (data not presented). These transient le sion size increases were in close temporal corre spondence with recorded DC shifts. To systemati cally investigate the importance of periinfarct spreading depressions, experiments are now in progress in our laboratory, optimized for highly sensitive detection of DC shifts during continuous ADC measurement after MCA occlusion. A tran sient change in ADC has already been described by Gyngell et al. (1994) , who noted not only a temporal agreement between transient diffusion reduction and DC shift, but also a concomitant transient rise in lactate concentration (by IH NMR spectroscopy) in the lesion area.
CONCLUSION
The fast UFLARE sequence allows the quantita tive determination of ADC changes with high tem poral and spatial resolution after induction of focal ischemia in rat brain. The gradual decrease of ADC within the ischemic territory from the periphery to the center can be used to distinguish a core region with total breakdown of energy metabolism from a corona with normal energy metabolism but severe tissue acidosis. This may have important conse quences for the interpretation of DWI in the clinical environment, because the corona region may be ac cessible to therapeutic intervention but the core area is irreversibly damaged.
